The microstructure of the Al1.0Cr1.4Pr1.6Zr (mass%) alloy after homogenized at 500°C for 400 h has been investigated. Addition of Cr, Pr and Zr in combination into pure aluminum results in the formation of submicron Zr-containing PrCr 2 Al 20 and nanoscale Cr, Pr-containing Al 3 Zr dispersed phases. Compared with the Al1.0Cr1.4Pr and Al1.6Zr alloys, a denser distribution of new fine multicomponent dispersed phases and their superimposition effect are associated with enhanced precipitation-hardening behavior of Al1.0Cr1.4Pr1.6Zr alloy.
Introduction
The addition of Zirconium into Aluminum alloys can form metastable L1 2 -structured Al 3 Zr precipitates, which are coherent with Al matrix and have the potential to inhabit the recrystallization and strengthen the alloys. 13) However, the Al 3 Zr precipitates are often heterogeneously distributed within each grain due to variations in the local Zr concentration resulting from segregation during casting, and the alloys will consequently subject to the recrystallization in the regions where the precipitation density is low. 4) Prolonged heat treatment easily makes the metastable Al 3 Zr phase transform to the equilibrium DO 23 Al 3 Zr phase which is semi-coherent with Al matrix. 1, 5) Similar to Zr, Sc also forms a high density of Al 3 Sc precipitates in Aluminum alloys and is more effective to improve their properties. The precipitation hardening and thermal stability at elevated temperature are further enhanced by combination addition of Sc and Zr due to the formation of more stable multicomponent Al 3 (Sc, Zr) phase than individual additions, 68) but the high cost of Sc has limited its commercial application. An alternative choice is to use other cheaper alloying elements to replace Sc. Rare earth (RE) elements are good candidates as alloying elements in Aluminum alloys because some RE elements such as Er, Tm, Yb and Lu also can form a stable L1 2 -structured Al 3 RE or Al 3 (RE, Zr) compounds.
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Moreover, RECr 2 Al 20 precipitates can be formed in aluminum alloys by combination addition of RE and Cr. 15) Our recent work also finds that fine multicomponent YbCr 2 Al 20 precipitates containing Zr can pin dislocations and subgrain boundaries in aluminum alloys. 16) It is generally believed that the effect of adding distinct elements to a metal does not reduce to summing the effect of individual addition. Therefore, in the present work, Pr, Zr and Cr have been selected to add into pure aluminum. New fine multicomponent precipitates can be formed and their influences on precipitation-hardening behavior of AlCrZrPr alloy have been investigated.
Experimental Procedure
The alloys with the nominal chemical compositions of Al1.6Zr, Al1.0Cr1.4Pr and Al1.0Cr1.4Pr1.6Zr (all in mass%) were prepared by melting high purity Al (99.9 mass%) with AlZr, AlCr and AlPr master alloys using a conventional casting method. The cast ingots were homogenized at 500°C for 400 h, and then quenched in water at ambient temperature. The microstructure was observed using an optical microscope. The phase composition was measured by X-ray diffractometry (XRD) in reflection with Cu-K¡ radiation. The morphologies and compositions of large intermetallic particles were measured using energy dispersive X-ray spectroscopy (EDS) in a JSM-6360LV scanning electron microscopy (SEM). To investigate the fine precipitates, TEM observation was performed by a TECNAI G 2 20 microscopy and a Jeol JEM-2010F field-emission transmission electron microscopy equipped with a scanning unit. Thin foils for standard TEM observation were prepared by the standard electrolytic twin-jet polishing technique in a 75% methanol and 25% nitric acid solution cooled down to ³253 K with an applied potential of 1215 V and current of 7090 mA. The Brinell hardness was measured with a HRBVU-187.5 hardness tester at a load of 980 N. Figure 1 shows the optical images of the as-cast and homogenized Al1.0Cr1.4Pr and Al1.0Cr1.4Pr1.6Zr alloys. As shown in Fig. 1(a) , substantial amounts of massive phases are formed in the as-cast Al1.0Cr1.4Pr alloy, but after 1.6 mass% Zr addition, the number of massive phases obviously decreases and fine precipitated phases are formed ( Fig. 1(b) ). After homogenizing treatment at 500°C for 400 h, as shown in Fig. 1(c) , a large number of massive phases with a size of 1030 µm and dispersed phases can be observed in the Al1.0Cr1.4Pr alloy, while for the Al1.0Cr1.4Pr 1.6Zr alloy, amounts of fine dispersed phases are formed in Al matrix ( Fig. 1(d) ).
Results and Discussion
The XRD patterns shown in Fig. 2 confirm the formation of ¡(Al) and CeCr 2 Al 20 -type phases in this two alloys after homogenized at 500°C for 400 h, but parts of peak positions of CeCr 2 Al 20 -type phase in the Al1.0Cr1.4Pr1.6Zr alloy shift slightly to the larger angle than those in the Al1.0Cr 1.4Pr alloy. The change of the lattice constant of CeCr 2 Al 20 -type phase may be attributed to the addition of Zr atom. The L1 2 -type Al 3 Zr phase is not found in the Al1.0Cr1.4Pr 1.6Zr alloy. This may be due to very low concentration of L1 2 -type Al 3 Zr phase. Figure 3 shows the SEM images and EDS of the Al 1.0Cr1.4Pr and Al1.0Cr1.4Pr1.6Zr alloys after homogenized at 500°C for 400 h. As shown in Figs. 3(a), 3(c) and 3(e), the massive and small dispersed phases used for EDS analysis are labeled by cross marks. The EDS results of massive and dispersed phases in the Al1.0Cr1.4Pr and Al1.0Cr1.4Pr1.6Zr alloys are listed in Table 1 . As shown in Figs. 3(a) and 3(b), the massive phases with a size of 10 30 µm consist of Al, Cr and Pr in the Al1.0Cr1.4Pr alloy, and are satisfied with the relationship as follows: n(Pr) : n(Cr) : n(Al) µ 1 : 2 : 20 (shown in Table 1 ). For the Al 1.0Cr1.4Pr1.6Zr alloy, due to Zr addition, the massive phases and small dispersed phases both consist of Al, Zr, Cr and Pr. The massive phase satisfies with the relationship as follows: n(Pr) : n(Cr) : n(Al) µ 1 : 2 : 20, while small dispersed phases fit with the relationship as follows: n(Pr) : n(Cr) µ 1 : 2. The EDS results show that Al content of small dispersed phase is higher than that of massive phase, but in fact the micro-area used for EDS analysis includes Al matrix because the size of dispersed phase is relatively small. Therefore, the massive phases and small dispersed phases both are the Zr-containing PrCr 2 Al 20 with CeCr 2 Al 20 -type structure in the Al1.0Cr1.4Pr1.6Zr alloy.
The bright-field TEM and STEM images of nanoscale precipitates in the Al1.0Cr1.4Pr1.6Zr alloy after homogenized at 500°C for 400 h are shown in Fig. 4 . It can be seen that the ultrafine bean-like particles with a size of 2540 nm are uniformly distributed in Al matrix. The selected area electron diffraction (SAED) patterns of the nanoscale precipitate indicated in Fig. 5 show that these particles are coherent with Al matrix, and exhibit L1 2 Al 3 Zr-type structure. The EDS result of the nanoscale precipitate (shown in Table 2 ) confirms that this ultrafine particle consists of Al, Cr, Pr and Zr, so is Al 3 Zr particle containing Cr and Pr. The micro-area used for EDS analysis still includes parts of Aluminum due to the relatively small size of this particle. The Al 3 Zr particles containing Cr and Pr are still coherent with Al matrix for the Al1.0Cr1.4Pr1.6Zr alloy after longtime isothermal treatment. Figure 6 shows bright-field TEM images and SEAD patterns of submicron dispersed phases in the Al1.0Cr1.4Pr and Al1.0Cr1.4Pr1.6Zr alloys after 17) investigated dispersed phases formed in the rapid solidified AlCrYZr alloy and suggested that the YCr 2 Al 20 particles with CeCr 2 Al 20 -type structure are fine and uniformly distributed during a low temperature forming process, but obviously coarsen, even then become massive phase during high temperature extrusion and thermal explosion. Figure 7 shows the dependence of the microhardness on the homogenization time for the Al1.0Cr1.4Pr, Al1.6Zr and Al1.0Cr1.4Pr1.6Zr alloys after homogenized at 500°C. It can be seen that the Al1.0Cr1.4Pr alloy has a maximum hardness value of ³27 (HBS) after homogenized for 40 min, and subsequently exhibits a rapid decrease followed by a stable plateau at ³25 (HBS) with extending annealing time. Compared with the Al1.0Cr1.4Pr alloy, the Al1.6Zr alloy has a substantial increase in the hardness during the annealing treatment. There is an initial increase in the hardness to the maximum value of 38 (HBS) from 2 to 12 h, and continued annealing leads to a small decrease followed by a stable plateau at 31 (HBS) with extending annealing time. The combination addition of 1.0 mass% Cr, 1.4 mass% Pr and 1.6 mass% Zr to pure aluminum results in a further substantial increase in the peak hardness value attained after annealed for 24 h, which is almost two times higher than that of the Al1.0Cr1.4Pr alloy, and is stable for a long time. The hardness value has a slow decrease after annealed for 80 h, but is also much higher than that of the Al It is well known that microalloying elements addition can strongly influence precipitation behaviors in Al alloys due to interactions among the constituted elements. Our previous work has shown that nanoscale Cr, Yb-containing Al 3 Zr dispersed phases can be formed in AlCrYbZr alloy by trace additions of Zr, Cr and Yb (no more than 1 mass%), and has a strengthening effect. 18) In this study, Pr is substituted for Yb and the content of each alloying element in pure Al is no less than 1 mass%. The SEM and TEM results have indicated that the combination addition of Zr, Cr and Pr into pure Al leads to the formation of submicron Zr-containing PrCr 2 Al 20 and nanoscale Cr, Pr-containing Al 3 Zr dispersed phases. On the one hand, Zr addition can make Zr atoms substitute some lattice position of Pr atoms and slow down the growth and coarsening of the cubic PrCr 2 Al 20 dispersed phases (shown in Fig. 4 and Table 2 ). On the other hand, Cr and Pr atoms substituting some Al and Zr atoms in metastable Al 3 Zr precipitates leads to the formation of a higher density of fine Cr, Pr-containing Al 3 Zr dispersed phases that are also less sensitive to coarsening. As shown in Figs. 4 and 7 , A denser distribution of new fine multicomponent Zr-containing PrCr 2 Al 20 and Cr, Pr-containing Al 3 Zr dispersed phases is closely related to enhanced precipitation-hardening behavior of the Al1.0Cr1.4Pr 1.6Zr alloy.
Conclusions
The submicron Zr-containing PrCr 2 Al 20 and nanoscale Cr, Pr-containing Al 3 Zr dispersed phases can be formed in the Al1.0Cr1.4Pr1.6Zr alloy after homogenized at 500°C for 400 h. Compared with individual addition of Zr or combination addition of Cr and Pr, Addition of Zr, Cr and Pr in combination into pure aluminum can lead to the formation of new multicomponent dispersed phases and enhance Al-1.0Cr-1.4Pr(wt%) Al-1.6Zr(wt%) Al-1.0Cr-1.4Pr-1.6Zr(wt%) Fig. 7 Dependence of the microhardness on the homogenization time for the Al1.0Cr1.4Pr, Al1.6Zr and Al1.0Cr1.4Pr1.6Zr alloys after homogenized at 500°C.
precipitation-hardening behavior of the Al1.0Cr1.4Pr 1.6Zr alloy. The superimposition effect is closely associated with a relatively higher density distribution of multicomponent dispersed phases.
